We present an analysis of 4.5 years of high precision (0.1%) space-based photometric measurements of the Cepheid variable Polaris, obtained by the broad band Solar Mass Ejection Imager (SMEI) instrument on board the Coriolis satellite. The data span from April 2003 to October 2007, with a cadence of 101 minutes and a fill factor of 70%. We have measured the mean peak to peak amplitude across the whole set of observations to be 25 mmag. There is, however, a clear trend that the size of the oscillations has been increasing during the observations, with peak to peak variations less than 22 mmag in early 2003, increasing to around 28 mmag by October 2007, suggesting that the peak to peak amplitude is increasing at a rate of 1.39 ± 0.12 mmag yr −1 . Additionally, we have combined our new measurements with archival measurements to measure a rate of period change of 4.90 ± 0.26 s yr −1 over the last 50 years. However, there is some suggestion that the period of Polaris has undergone a recent decline, and combined with the increased amplitude, this could imply evolution away from an overtone pulsation mode into the fundamental or a double pulsation mode depending on the precise mass of Polaris.
INTRODUCTION
In spite of Julius Caesar's view (Shakespeare 1623, Act 3 Scene I), Polaris is in fact one of the more inconstant of stars. In addition to not being precisely located at the North Celestial Pole, it is a variable star, with a pulsation period of nearly 4 days and a current pulsation amplitude of around 30-50 mmag in the V band. Additionally, Polaris is not even constant in its inconstancy, as both the pulsation period and the pulsation amplitude have changed in the past. The amplitude in particular has changed substantially and is currently still changing, as we will describe in this paper.
Polaris is an important star for a number of reasons -it is the nearest Cepheid variable and a star where we can see stellar evolution taking place. Understanding the location of Polaris on the Hertzsprung-Russell diagram (and particularly the relationship of Polaris to the Instability Strip; whether it is a star undergoing its first or third or even fifth crossing) and the nature of the pulsations (whether fundamental model or an overtone pulsator) are all important questions in stellar evolution.
The first evidence suggesting the variable nature of Polaris was presented 150 years ago (Seidel 1852; Schmidt 1857) with strong confirmation, along with the correct pe-⋆ E-mail: sas@star.sr.bham.ac.uk, irs@star.sr.bham.ac.uk riod, being supplied by Campbell (1899) via radial velocity measurements. Photometric detection of the pulsations were presented several years afterwards (Hertzsprung 1911; Pannekoek 1913) . A large number of observations have have been made in the intervening years, which have helped to build a picture of how the star has been evolving over the last century and a half. Despite this, there is still a great deal of interest in Polaris due to the changes in the period and amplitude of the oscillations, as well as unusual events such as the change from a steady decline in amplitude to a very rapid decline from 0.1 mag to ∼0.02 mag during the 1960's. During this time, the period also readjusted downwards.
The rate of period change is an important diagnostic tool for determining which crossing of the instability strip a Cepheid is undergoing. The recent analysis of the O-C residuals of Polaris by Turner et al. (2005) has led to the suggestion that the period of Polaris is currently increasing at a rate of 4.5 s yr −1 . This rate of period change is unusual for a Cepheid with this period and adds to the confusion as to what stage of its evolution Polaris is actually at. In the following sections we present new SMEI photometric observations of Polaris, discuss the amplitude changes that we observe during the course of the observations and also look at the O-C residuals and interpret these in the light of recent measurements of the period. 
DATA PREPARATION AND ANALYSIS
The new photometry we present was obtained using the SMEI instrument on board the USAF Coriolis spacecraft, which was launched in January 2003 into an 840 km Sunsynchronous polar orbit with an orbital period of 101 minutes. SMEI consists of 3 cameras, each with a field of view of 60
• × 3 • , which monitors nearly the entire sky over one orbit. Consequently, we obtain data for Polaris on essentially every orbital pass. SMEI has a roughly triangular pass band with a peak quantum efficiency of 47% at 700 nm and falling to 5% at 430 nm and 1025 nm. Although SMEI is a small instrument, the fact that it has monitored the entire sky with a cadence of ∼ 100 minutes for over 4 years, results in stellar light curves, for bright stars, that are unprecedented. An overview of the SMEI instrument can be found in Eyles et al. (2003) , and an overview of stellar variability results being obtained with SMEI will be presented in Spreckley & Stevens (2008) . SMEI results on the variability of the Red Giant Arcturus can be found in Tarrant et al. (2007) .
The Polaris data spans from April 2003 to October 2007, with a 70% fill throughout this period of time, giving us an exceptional data sample to investigate the period and amplitude variations of the 3.97 day oscillations exhibited by Polaris. The full details of the reduction pipeline for generating time-series from the SMEI data will be presented in Spreckley & Stevens (2008) , so we only discuss the data reduction briefly here.
The raw images obtained by the SMEI instrument are bias subtracted, have a temperature scaled dark current signal removed, and are flat fielded. Hot pixels and high energy particle hits are corrected on the images via interpolation, before aperture photometry is performed. The resulting light curves are corrected for systematic effects resulting from the variation of the PSF as it moves across the CCD and vignetting/optical effects. Removing a best fit sine curve from the entirety of the dataset highlighted non-regular systematic variations at the few mmag level which we have largely removed using a smoothed box car average obtained with a window width of ∼12 days. We finally removed a number of spurious data points from the data, which were primarily due to uncorrected cosmic rays, by performing a 3 sigma clip on short 28 day sections of data from which the best fitting sinusoidal relation for each section had been removed.
The resulting time series can be seen in Fig. 1 along with a closer view of a section of data taken from 13th September 2006 to 29th November 2006, which highlights the level of precision we are able to attain over a long baseline.
RESULTS
In order to study the amplitude of the 3.97 day (2.914µHz) oscillation we have generated Fourier spectra of both long (8-9 months) and short (28 day) sections of the time series data. The resulting trend from computing the mean amplitude in each data chunk is shown in Fig. 2 and Fig. 3 . To create the Fourier spectra, we first subtracted a robust mean from the time series and the residuals were then converted to a change in magnitude relative to the mean magnitude. After computing the Fourier spectra we ensured that in every case the power corresponding to the 3.97 day oscillation was restricted to a single bin, and padding the data with zeros to artificially enhance the resolution of the Fourier spectra had no effect on the computed amplitudes. Fig. 2 shows the 2.914 µHz peak in the Fourier spectra for three ∼9 month sections of the light curve. The peaks for the 2003 and 2004-2005 data have been offset by −0.8 and −0.4 µHz respectively to highlight the increase in the amplitude over time. On the assumption that Polaris is oscillating in the first overtone mode (see section 4), we do not detect any significant power at the expected frequency for the fundamental mode, i.e. ∼ 2.1µHz. The trend of the increasing amplitude is highlighted more clearly in Fig. 3 where we have plotted the mean amplitude calculated in consecutive 28 day chunks of data. Each 28 day section contained 400 data points after data gaps had been filled with zero values. Peak to peak Amplitude (mmag) Figure 3 . The mean peak to peak amplitude of the 2.914µHz (3.97 day) oscillations has risen at a rate of 1.39±0.12 mmag yr −1 over the last 4.5 years. The scatter exhibited about the mean trend is in part due to the fact that the amplitude of the oscillations of Polaris vary from cycle to cycle.
The best fitting linear relation describing the rate of increase for the peak to peak amplitude is 1.39 ± 0.12 mmag yr −1 . Some of the scatter in the plot is attributed to the varying amplitude of the oscillations, which Evans et al. (2004) also saw in WIRE observations, and suggested it could be due to the analogue of the Blazkho effect in Cepheids. In our analysis, however, we do not see any significant periodic variations in the amplitude above a level of ∼ 1 mmag appearing consistently throughout the observations. This is to our knowledge the first highly confident detection of the amplitude increase over the last few years from photometric measurements, although some hint has been given previously (Davis et al. 2003; Engle et al. 2004 ). This completely contradicts the claim that Polaris is about to cease its variability and leave the instability strip Table 1 . Recent measurements of the period of Polaris suggest that it has undergone another recent decline. There seems to have been a large decline between 1988 and 1993, with the rate slowing in the last ten years. In total, the period has reduced by around 200 seconds over the last 20 years.
Year
Period Reference (days) [1987] [1988] 3.9746 ± 0.0008 Dinshaw et al. (1989 Dinshaw et al. ( ) 1993 Dinshaw et al. ( -1994 3.97268 ± 0.00011 HC00 [1994] [1995] [1996] [1997] 3.972352 ± 0.000003 HC00 Kamper & Fernie (1998 ) 2003 -2007 3.97209 ± 0.00004 This paper (Dinshaw et al. 1989) , although this was based somewhat on an erroneous result. O-C residuals have been computed for each of the 28 day sections also. New times and phases of light maximum were determined by using the mean amplitudes calculated in the previous step to perform least squares fitting of the data, which has been re-phased to the period and epoch presented in Berdnikov & Pastukhova (1995) : HJDmax = 2, 428, 260.727 + 3.969251E
( 1) where E is the number of elapsed cycles since this epoch.
Examples of the phase folded data used to determine the O-C residuals are shown in Fig. 4 . In this figure, the increase in amplitude over time, and the changing phase offset can be clearly discerned. The full set of O-C residuals are listed in Table 2 .
The O-C residuals obtained from Turner et al. (2005) , along with the new values calculated from our data are plotted in Fig. 5 . We have used the same time regimes as this paper (i.e. pre-1963 and post 1965) to determine our rate of period change. The best fitting parabolic relation for observations before 1963, as determined by Turner et al. (2005) , provides an estimate for the rate of period increase over this time of 4.44 ± 0.03 s yr −1 The best fitting parabolic relation for the data since 1963, with the inclusion of our new measurements suggests the mean rate of increase for the period has increased to 4.90 ± 0.26 s yr −1 This relation is again shown in Fig. 5 . Ignoring the data from 1966, as in Turner et al. (2005) , insignificantly alters the value to 4.99 ± 0.29 s yr −1 . Ignoring the datum from 1965, however, causes a dramatic change to the calculated value, giving instead 4.46±0.32 s yr 1 . It is clear therefore that the mean rate of period increase over the last 50 years has been between 4.4 and 5 s yr −1 , consistent with the rate before 1963. If one looks more closely at recent measurements for the period, however, it does appear that it may have recently undergone a rapid decline, similar to that seen in the early 1960's. Table 1 shows the period as measured several times over the last 20 years with the values obtained from Hatzes & Cochran (2000, hereafter HC00 ) and references therein, together with the period measured from our new results. The decline is very evident, and amounts to a decrease of around 200 seconds during the last 20 years, but the rate has been much slower over the last ten years than it was between 1987 and 1997. Additionally, although our results are fairly consistent with a period increase of 
s yr
−1 , they do follow a slightly shallower trend which is likely due to the recent decrease in period.
We will now discuss these results in the context of stellar evolution and ascertain what implications they have on the evolutionary stage of Polaris.
DISCUSSION
There is a great deal of evidence to suggest that Polaris is a first overtone (s-Cepheid) oscillator. Feast & Catchpole (1997) used the Hipparcos parallax (measured to be 7.56 ± 0.48 mas for Polaris) to fit Period-Luminosity models to a sample of Cepheids and concluded that the best fit for Polaris resulted if it was treated as a first overtone pulsator. The updated value for the Hipparcos parallax of Polaris is 7.54 ± 0.09 mas (van Leeuwen 2007; van Leeuwen et al. 2007) , therefore this conclusion is still valid. Nordgren et al. (1999) used interferometry to measure the radius of Polaris to be 46 ± 3R ⊙ , and again this is only consistent with the pulsation period if Polaris is a first overtone pulsator. The mean rate of change of the period and the small amplitude of the oscillations are also indicators that Polaris oscillates in an overtone mode. Combining this with the fact that Polaris exhibits a highly symmetrical light curve, it exhibits all of the features we expect from s-Cepheids. Evans et al. (2002) suggest that Polaris exists at the cool edge of the region of the instability strip occupied by the s-Cepheids, but that the positive period change could not be due to evolution as the star would be evolving towards the centre of the instability strip, which would defy Figure 6 . The O-C data obtained using SMEI, depicted by filled circles with error bars, along with the measurements from Turner et al. (2005) , shown by triangles. Our measurements are fairly consistent with the 4.90 s yr −1 period change, but do appear to follow a slightly shallower trend.
the previously declining amplitude. Turner et al. (2005) also place Polaris on the red edge of the instability strip for putative first crossers, which corresponds to the s-Cepheid red edge in this case. They do however suggest the possibility of Polaris being a fundamental pulsator, which is unlikely given the evidence above. Dinshaw et al. (1989) on the other hand believed that Polaris was about to evolve out of the instability strip completely, which would require it to be near the edge of the instability strip, which it certainly does not appear to be. The behaviour we are now seeing from Polaris is consistent with what we expect from a Cepheid located in the instability strip where Evans et al. (2002) and Turner et al. (2005) suggest, but the conclusion that the period change is not due to evolution may be incorrect.
Firstly, consider the evidence that the period has once again undergone a rapid decline, which could be a phase of blueward evolution, as Turner et al. (2005) suggests could The labels B1 and B2 refer to the linear model blue edges for models A and C respectively, whilst R1 and R2 refer to the red edges. NR2 refers to the non-linear model red edge, and the values represent the masses used in the models. Plotting Polaris on the IS (filled square marked by P), we see it lies on the non-linear red edge boundary.
be the case for the 1963-66 period readjustment. Secondly, the amplitude appeared to cease its decline in the early 1990s, and is now seemingly increasing again. One might expect to see such behaviour if Polaris was undergoing an evolutionary change in its oscillation mode. If we look at the models for s-Cepheids produced by Feuchtinger et al. (2000, hereafter FBK) , and specifically look at the location of Polaris in the computed instability regimes then, as Fig. 7 shows, Polaris lies on the red edge of the overtone instability strip for their non-linear convective model, which is able to generate light and radial velocity curves very similar to those found observationally. If the true red edge of the first overtone instability strip lies close to the one computed in this FBK model, then Polaris is in fact undergoing a change from being a first overtone pulsator (assuming it is evolving to the cooler side of the instability strip) to becoming either a fundamental pulsator or a double mode pulsator. The position of Polaris in Fig. 7 suggests that its mass is not quite great enough to enter the fundamental pulsator regime, which occurs for masses greater than around 5.5 M ⊙ (the knee in the model track), but recent measurements by Evans et al. (2007) for example, do not place enough of a constraint on the mass to make an absolute determination as to which regime Polaris will enter. If Polaris is about to cross into another pulsation regime, then we might expect to see occasional blips in the period as this readjustment phase takes place.
Finally, the crossing mode of Polaris is also uncertain. Turner et al. (2005) suggest that despite Polaris exhibiting a deficiency of carbon and an over-abundance of nitrogen (Boyarchuk & Lyubimkov 1981; Luck & Bond 1986) , this cannot be interpreted in any fashion to determine the crossing mode, such as was done by Kovtyukh et al. (1996) . Somewhat controversially, Andrievsky et al. (1994) suggests that Polaris has a small over-abundance of carbon, which would certainly place it in a first crossing scenario.
The rate of period change for Cepheids is an indicator of the crossing mode (Turner et al. 2006 ). If we assume Polaris to be oscillating in the first overtone mode, and take the rate of period change over the last 150 years to be +4.5 s yr −1 , then this is a factor of ∼3 too small for a first crossing Cepheid and about the same factor too large for a third crossing Cepheid. Turner et al. (2005) suggest that the observable characteristics of Polaris are most consistent with a first time crosser. Interestingly, however, if one only considers the trend in the period from the last 20 years, then we see a decline at a rate of ∼ 10 s yr −1 . This is actually consistent with a first overtone Cepheid undergoing its second crossing. The possibility that Polaris is in its second crossing was also discussed by Engle et al. (2004) . We must be cautious, however, as the rate over the last fourteen years, using measurements with much better precision than those presented in Dinshaw et al. (1989) , only suggest a decline of ∼ 3 s yr −1 . Clearly, it is difficult to draw any firm conclusions on the crossing mode at present.
CONCLUSIONS
The new results obtained with SMEI strongly suggest the amplitude of Polaris is once again increasing. The star does seem to be oscillating in the first overtone mode, but likely lies close to the red edge of the instability strip for sCepheids, and is therefore likely to soon evolve into either a fundamental or double-mode pulsation Cepheid, assuming the Cepheid is undergoing its first or third crossing. It is uncertain how quickly Polaris will evolve across the boundary between pulsation regimes and what behaviour the Cepheid will exhibit as it does so. One slight oddity in the results is the lack of evidence for the fundamental mode of oscillation being present, but this may appear in the near future. It is therefore crucial that high precision monitoring of this star is continued for the foreseeable future so that the changes can be watched closely.
